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Abstract. Using our new 3-D relativistic particle-in-cell (PIC) code, we investigated long-term particle acceleration associ-
ated with a relativistic electron-positron jet propagating in an unmagnetized ambient electron-positron plasma. Thesimula-
tions were performed using a much longer simulation system than our previous simulations in order to investigate the full
nonlinear stage of the Weibel instability and its particle acceleration mechanism. Cold jet electrons are thermalizedand ambi-
ent electrons are accelerated in the resulting shocks. Acceleration of ambient electrons leads to a maximum ambient electron
density three times larger than the original value as predicted by hydrodynamic compression. Behind the bow shock, in the jet
shock, strong electromagnetic fields are generated. These fields may lead to time dependent afterglow emission. In orderto go
beyond the standard synchrotron model used in astrophysical objects we have used PIC simulations and calculated radiation
based on first principles. We calculated radiation from electrons propagating in a uniform parallel magnetic field to verify
the technique. We also used the technique to calculate emission from electrons based on simulations with a small system.
We obtain spectra which are consistent with those generatedfrom electrons propagating in turbulent magnetic fields. This
turbulent magnetic field is similar to the magnetic field generated at an early nonlinear stage of the Weibel instability.A fully
developed shock within a larger system may generate a jitter/synchrotron spectrum.
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INTRODUCTION

Particle-in-cell (PIC) simulations can shed light on the physical mechanism of particle acceleration that occurs in
the complicated dynamics within relativistic shocks. Recent PIC simulations of relativistic electron-ion and electron-
positron jets injected into an ambient plasma show that acceleration occurs within the downstream jet [? ? ? ? ? ? ?
? ? ]. In general, these simulations have confirmed that relativistic jets excite the Weibel instability, which generates
current filaments and associated magnetic fields [? ], and accelerates electrons (for details, e.g., [? ].

The general agreement between blast wave dynamics and direct measurements of the fireball size argue for the
validity of this model for GRBs [? ? ]. The shock is most likely collisionless, i.e., mediated byplasma instabilities [?
]. The electromagnetic instabilities mediating the afterglow shock are expected to generate magnetic fields. Afterglow
radiation was therefore predicted to result from synchrotron emission of shock accelerated electrons [? ]. The observed
spectrum of afterglow radiation is indeed remarkably consistent with synchrotron emission of electrons accelerated to
a power-law distribution, providing support for the standard afterglow model based on synchrotron emission of shock
accelerated electrons [? ? ? ? ? ? ? ?].

A synchrotron shock model is widely adopted to describe the radiation thought to be responsible for observed broad-
band GRB afterglows [? ? ? ? ?]. Associated with this model are three major assumptions that are adopted in almost
all current GRB afterglow models. Firstly, electrons are assumed to be “Fermi” accelerated at the relativistic shocks



and to have a power-law distribution with a power-law indexp upon acceleration, i.e.,N(Ee)dEe ∝ E−pdEe. This is
consistent with recent PIC simulations of shock formation and particle acceleration [? ] and also some Monte Carlo
models [? ? ? ], but see [? ? ]. Secondly, a fractionεe (generally taken to be≤ 1) of the electrons associated with
ISM baryons are accelerated, and the total electron energy is a fractionξe of the total internal energy in the shocked
region. Thirdly, the strength of the magnetic fields in the shocked region is unknown, but its energy density (B2/8π)
is assumed to be a fractionεB of the internal energy. These assumed “micro-physics” parameters,p,εe andεB, whose
values are obtained from spectral fits [? ? ] reflect the lack of a detailed description of the microphysics [? ].

Due to the lack of a first principles theory of collisionless shocks, a purely phenomenological approach to the model
of afterglow radiation was ascribed without investigatingin detail the processes responsible for particle acceleration
and magnetic field generation [? ]. It is important to clarify here that the constraints implied on these parameters by
the observations are independent of any assumptions regarding the nature of the afterglow shock and the processes
responsible for particle acceleration or magnetic field generation. Any model should satisfy these observational
constraints.

The properties of synchrotron (or “jitter") emission from relativistic shocks will be determined by the magnetic
field strength and structure and the electron energy distribution behind the shock. The characteristics of jitter radiation
may be important to understanding the complex time evolution and/or spectral structure in gamma-ray bursts [? ].
For example, jitter radiation has been proposed as a means toexplain GRB spectra below the peak frequency that are
harder than the “line of death” spectral index associated with synchrotron emission [? ? ], i.e., the observed spectral
power scales asFν ∝ ν2/3, whereas synchrotron spectra areFν ∝ ν1/3 or softer [? ]. Thus, it is essential to calculate
radiation production by tracing electrons (positrons) in self-consistently generated small-scale electromagneticfields.

Therefore, the investigation of radiation resulting from accelerated particles (mainly electrons and positrons) in
turbulent magnetic fields is essential for understanding radiation mechanisms and their observable spectral properties.
In this report we present a new numerical method to obtain spectra from particles self-consistently traced in our PIC
simulations.

CALCULATING EMISSION FROM ELECTRONS MOVING IN SELF-CONSIS TENTLY
GENERATED MAGNETIC FIELDS

We calculate the radiation spectra directly from our simulations by integrating the expression for the retarded power,
derived from Liénard-Wiechert potentials for a large number of representative particles in the PIC representation of
the plasma [? ? ? ? ? ? ? ? ? ?]. In order to obtain the spectrum of the synchrotron/jitteremission, we consider an
ensemble of electrons selected in the region where the Weibel instability has fully grown and where the electrons are
accelerated in the self-consistently generated magnetic fields.

We have validated our numerical method by performing simulations using a small system with (Lx,Ly,Lz) =
(645∆,131∆,131∆) (∆ = 1: grid size) and a total of∼ 0.5 billion particles (12 particles/cell/species for the ambient
plasma) in the active grid zones [? ]. We first performed simulations without calculating radiation up tot = 450ω−1

pe
when the jet front is located at aboutx = 480∆. We randomly selected 16,200 jet electrons near the jet front and
calculated the emission during the sampling timets = t2− t1 = 75ω−1

pe with Nyquist frequencyωN = 1/2∆t = 200ωpe

where∆t = 0.005ω−1
pe is the simulation time step and the frequency resolution∆ω = 1/ts = 0.0133ωpe. The mass ratio

is 1 (me/mi = 1).
The spectra shown in Figure 1a are obtained for emission fromjet electrons withγ = 10,20,50,100,300 and 1000.

We have simulated cold (thin) and warm (thick) electron jetsfor the different Lorentz factors except the case of
γ = 1000 (larger than the maximum value). Here the spectra are calculated for head-on radiation (θ = 0◦). It is noted
that in this report the radiation loss is not included [e.g.,? ? ]. The radiation from jet electrons shows a Bremsstrahlung-
like spectrum for the eleven cases [? ]. Since the magnetic fields generated by the Weibel instability are rather weak
and jet electron acceleration is modest, the electron trajectories bend only slightly.

Comparable to a Bremsstrahlung spectrum, the lower frequencies have flat spectra and the higher frequencies
decrease [? ]. However, the higher frequency slopes in Fig. 1a are less steep than that in the Bremsstrahlung spectrum.
This is due to the fact that the spread of Lorentz factors of jet electrons is larger and the average Lorentz factor is
larger as well. Furthermore, even when the magnetic field strength is not so large, the slope of the spectra seems to
be extended to higher frequency. This is explained as shown in Fig. 7.16 (left) in Hededal’s Ph. D. thesis [? ] where
the turbulent magnetic field shifts the frequency higher with shorter wave length (smallerµ). We ran simulations
using several different parameters for jet electrons and ambient magnetic field using a small system as in this report.
However, the strength of the magnetic fields generated by theWeibel instability is small, therefore the spectra for these
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FIGURE 1. Brief comparison of synthetic spectra (Fig. 1a) and Fermi data (Fig. 1b) . Figure 1a shows the spectra for the
cases ofγ = 10,20,50,100,300 and 1000 with cold (thin lines) and warm (thick lines) electron jets. The low frequency slope is
approximately 1 and is very similar to those of the spectra inFig 1b except interval “a”. Figure 1b shows the model spectrain νFν
units for five time intervals based on Fermi data [? ]. A flat spectrum would indicate equal energy per decade in photon energy. The
changing shapes show the evolution of the spectrum over time. The low frequency slope in Fig. 1a is approximately 1 which is very
similar to those of the spectra in Fig 1b except interval “a”.

cases are very similar to the Bremsstrahlung spectrum.
Figure 1 shows how our synthetic spectrum matches with spectra obtained from Fermi observations. Figure 1b

shows the model spectra for five time intervals [? ]. The red line shows a slope of 1 and except for the interval “a”
the slopes for all other time intervals are approximately 1.This is similar to a Bremsstrahlung-like spectrum at least
for the low frequency side. As shown in Fig. 1a the synthetic spectral slopes at low frequencies are very similar to
the observations. The peaks and slopes at high frequencies change over time as shown in Fig. 1b. As expected, the
spectral peaks for jet electrons with higher Lorentz factors become higher in frequency and amplitude for cold jets
(thin lines) as shown in Fig. 1a. The spectral peaks of warm jets (thick lines) are lower than those for cold jets, however
the amplitudes become much higher. It should be noted that insimulations the spectra are normalized by the electron
plasma frequencyωpe and considering various physical parameters, for example 104ωpe may correspond to 102 keV.
This simulation setup is for a relativistic jet into an external medium, which is appropriate for afterglows. However,
we need to examine this issue further in order to compare synthetic with observed spectra.

DISCUSSION
Emission obtained with the method described above is obtained self-consistently, and automatically accounts for
magnetic field structures on the small scales responsible for jitter emission. By performing such calculations for
simulations with different parameters, we can investigateand compare the different regimes of jitter- and synchrotron-
type emission [? ? ]. Thus, we should be able to address the low frequency GRB spectral index violation of the
synchrotron spectrum line of death [? ].

Recently, synthetic radiation has been obtained from accelerated electrons in laser-wakefield acceleration [? ], in
counter-streaming jets [? ], and in reflecting wall generated shocks [? ]. In this report as in previous work [? ], we inject
relativistic jets into ambient plasma. A shock is formed andelectrons are accelerated due to the Weibel instability and
the shock. We calculate the radiation from jet electrons in the observer frame, therefore calculated spectra can be
compared with observations directly.

Behind the trailing shock the electrons are accelerated andstrong magnetic fields are generated [? ]. Therefore,
this region seems to produce the observed emission. We will examine the observed spectral changes over time using
different plasma conditions such as jet Lorentz factors, jet thermal temperatures, and plasma composition.
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